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HIGHLIGHTS 


•  Group  VIIIB  metal  sulfides  thin  films  are  prepared  by  a  solution-process  strategy. 

•  The  sulfide  electrodes  achieve  optical  transparency  and  high  electrochemical  activity. 

•  The  DSSC  using  nickel  sulfide  shows  a  higher  efficiency  than  using  Pt  electrode. 
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Dye-sensitized  solar  cells  (DSSCs)  have  obtained  exciting  progress  in  improving  energy  conversion  ef¬ 
ficiency  and  cutting  material  cost  in  recent  years.  It  is  found  that  many  kinds  of  inorganic  compounds 
have  promising  potential  to  replace  platinum  as  counter  electrode  materials  for  DSSCs.  Actually,  to  a  thin 
film  electrode,  preparation  of  the  thin  film  is  the  same  important  as  choice  of  active  materials,  because 
quality  of  the  films  has  a  direct  effect  on  electrochemical  and  optical  performance  of  the  final  counter 
electrodes.  In  this  paper,  a  general  strategy  is  developed  to  prepare  transparent  and  high-efficient  metal 
sulfide  counter  electrodes.  In  the  route,  the  Group  VIIIB  metal  sulfides  are  formed  as  compact,  homog¬ 
enous  and  stable  films  on  fluorine-doped  tin  oxide  conductive  glass  from  a  precursor  organic  solution  by 
spin  coating,  and  the  film  thickness  can  be  readily  converted  to  reach  the  balance  between  optical 
transparency  and  electrochemical  activity.  Among  the  Group  VIIIB  metal  sulfides,  the  nickel  sulfide  film 
with  the  thickness  of  100  nm  shows  the  high  transparency  and  energy  conversion  efficiency  of  7.37%, 
higher  than  that  of  the  DSSC  using  platinum  electrode.  The  results  provide  a  new  and  facile  alternative  to 
prepare  high-efficient  and  transparent  sulfide  counter  electrodes  for  DSSCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Transparency  is  one  of  the  most  attractive  features  of  dye- 
sensitized  solar  cells  (DSSCs),  distinguished  from  silicon-based 
solar  cells  [1,2].  Transparent  or  translucent  solar  cells  can  be  used 
as  window  glasses,  curtain  walls,  and  indoor  ornamentals  to 
construct  energy-balanced  architectures  in  future  1-5  .  It  has  also 
been  confirmed  that  energy  conversion  efficiency  of  the  trans¬ 
parent  devices  can  be  obviously  improved  with  a  reflecting  mirror 
behind  [6,7  .  To  fabricate  a  transparent  DSSC,  a  popular  counter 
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electrode  is  platinum  filmed  on  conductive  glass  1-6  .  Though 
platinum  answers  for  the  functional  requirements  of  counter 
electrodes,  such  as  excellent  electrical  conductivity,  high  electro- 
catalytic  activity  and  good  transparency,  researchers  are  struggling 
to  seek  for  low-cost  substitutes  for  the  expensive  and  scarce  metal 
[8-10].  It  has  been  found  that  some  carbon  allotropes  such  as 
nanosized  carbon  11  ,  graphite  12],  graphene-based  hybrid  13], 
mesoporous  carbon  14-17]  and  carbon  fibers  [18,19],  conducting 
polymers  such  as  PPy  [20  ,  PEDOT  [21  ,  PProDOT-Et2  [22]  and  PANI 
[23],  as  well  as  inorganic  compounds  such  as  metal  nitrides  [24], 
carbides  [25  ,  sulfides  [26-28],  selenides  [29  ,  phosphides  [30]  and 
oxides  [31  have  good  electrocatalytic  properties  as  counter  mate¬ 
rials  to  replace  platinum.  However,  it  is  usually  not  easy  to  simul¬ 
taneously  reach  satisfied  optical  transparency  and  electrochemical 
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activities  [32-35].  Based  on  the  requirement  of  material  science, 
high  transparency  demands  a  film  as  thin  as  possible  for  decreasing 
reflection  and  absorption  of  visible  light,  while  high  electrocatalytic 
activity  usually  depends  on  a  thick  enough  film  providing  abundant 
active  sites  [32,35  .  In  respect  of  charge  transport,  a  compact 
electrode  film  is  beneficial  for  electron  transport,  but  against  ion 
diffusion,  vice  versa.  Therefore,  an  effective  strategy  is  needed  to 
reach  a  balance  among  transparency,  electrical  conductivity,  and 
electrocatalytic  activity. 

Non-platinum  counter  electrodes,  made  by  the  doctor-blade 
method,  usually  have  a  thickness  with  micrometer  scale  and  a 
loose  structure  [24-27  .  Such  electrodes  are  entirely  opaque,  and 
the  electrochemical  performance  mostly  is  not  a  patch  on  platinum. 
Some  transparent  non-platinum  electrodes  such  as  carbon  mate¬ 
rials  [32,36,37],  polyaniline  [33],  polyrrole  [38,39],  and  metal  sul¬ 
fides  [40-43]  have  been  investigated.  The  film  thickness  of  the 
transparent  electrodes  usually  is  in  the  range  of  nanometers.  To 
obtain  such  a  thin  film,  solution,  suspension,  and  CVD  processes 
seem  to  be  effective.  For  example,  the  carbon-based  materials  can 
be  dispersed  into  solvents  to  form  a  suspension,  and  then  a  thin 
film  is  obtained  by  volatilization  [32,36  .  Based  on  APCVD  method, 
few-layer  graphene  films  can  be  fabricated  on  Si02  substrates  [44]. 
A  transparent  polymer  film  with  the  thickness  of  about  250  nm  can 
be  formed  on  conductive  glass  by  an  in  situ  polymerization  process 
[33,38].  An  electrodeposition  can  also  make  a  transparent  nickel 
sulfide  film  [40  .  It  provides  an  inspiration  to  prepare  inorganic 
compound  films  directly  by  the  object  compounds  involved 
chemical  or  electrochemical  reactions.  In  addition,  it  has  been  also 
found  that  some  inorganic  compounds,  such  as  metal  nitrides  or 
sulfides,  provide  higher  intrinsic  electrocatalytic  activity  for 
reduction  of  triiodine  ions  than  carbon  materials  [24,26  .  Within 
the  thickness  limitation  from  transparency  available,  the  inorganic 
compound  film  electrodes  have  more  chances  to  achieve  or  exceed 
the  platinum  level. 

Herein,  a  new  strategy  is  proposed  to  prepare  transparent 
counter  electrodes  with  Group  VIIIB  metal  sulfides  for  DSSCs.  The 
preparation  processes,  optical  and  electrochemical  properties,  and 
photoelectrochemical  performance  of  the  sulfide  counter  elec¬ 
trodes  are  analyzed  and  discussed  based  on  the  requirement  for  the 
balance  between  optical  transparency  and  electrochemical  activity. 

2.  Experimental 

2.2.  Preparation  of  metal  sulfide  electrodes 

Ni(CH3C00)2-4H20  (1  mmol),  1-octadecene  (20  mL),  and  oleic 
acid  (3  mL)  were  added  into  a  round  flask  (50  mL)  in  sequence. 
The  mixture  solution  was  then  heated  under  vacuum  at  90  °C  for 
3  h.  The  flask  was  flushed  with  nitrogen  for  30  min  in  a  distillation 
set-up,  and  then  the  temperature  was  raised  to  200  °C.  1- 
dodecanethiol  (3  mL)  was  injected  into  the  flask  by  injector 
immediately,  and  the  temperature  was  maintained  at  180  °C  for 
40  min.  At  room  temperature,  hexane  (20  mL)  was  used  to  dilute 
the  resulting  mixture,  and  then  ethanol  (40  mL)  were  added  to 
flocculate  the  product.  The  solid  product  were  separated  by 
centrifugation,  washed  using  the  mixed  n-hexane  and  ethanol 
(1:4),  and  dried  under  vacuum  at  70  °C  for  12  h.  The  solid  product 
could  be  dissolved  into  hexane  (10  mg  mL'1)  to  prepare  trans¬ 
parent  electrodes.  In  the  case  of  cobalt  sulfide,  cobalt  acetylacet- 
onate  and  oleyl  amine  were  used  to  replace  nickel  acetic  and  1- 
octadecene,  respectively,  and  the  other  steps  were  similar  to  the 
above  procedure.  To  prepare  iron  sulfide,  iron  (III)  acetylacetonate 
was  used  as  starting  material. 

To  prepare  electrodes,  a  clean  FTO  (fluorine-doped  Sn02)  glass 
substrate  ( 1.0  x  2.0  cm2)  with  a  hole  (15  Q  ET1,  Nippon  Sheet  Glass) 


was  first  dried  in  an  oven  at  140  °C  overnight.  Different  amount  of 
the  solutions  were  spun  onto  the  substrate  at  5000  rpm  using  a 
WS-400B-6NPP-Lite  single  wafer  spin  processor.  Finally,  the  metal 
sulfide  electrodes  were  obtained  after  the  calcination  at  different 
temperature  (300  °C  for  nickel  sulfide,  350  °C  for  cobalt  sulfide  and 
400  °C  for  iron  sulfide)  for  1  h  under  an  Ar  flow.  As  reference 
sample,  a  platinum  electrode  was  obtained  by  the  pyrolysis  of 
H2PtCl6  terpilenol  solution  at  400  °C  for  30  min. 

2.2.  Fabrication  of  solar  cells 

The  photoanode  was  prepared  by  the  same  process  of  our  pre¬ 
vious  works  [41  ].  The  electrolyte  was  composed  of  I2  (0.05  mol  L'1), 
Lil  (0.1  mol  L_1),  l,2-dimethyl-3-propylimidazolium  iodide  (DMPII, 
0.6  mol  L'1),  and  4-tert-butyl  pyridine  (TBP,  0.5  mol  L_1),  with 
acetonitrile  as  the  solvent.  Hot-melt  Surlyn  film  was  used  to 
separated  the  photoanode  and  the  counter  electrode,  and  the 
electrolyte  was  injected  into  the  interspace  through  the  hole  on  the 
counter  electrode  under  vacuum.  Finally,  the  hole  was  sealed  with  a 
Surlyn  film  covered  with  a  thin  glass  slide  under  heat.  The  effective 
cell  area  of  photoanode  was  0.2  cm2. 

2.3.  Characterization 

The  structure  and  morphology  of  the  as-prepared  materials  or 
electrodes  were  examined  by  X-ray  diffraction  (XRD,  Rigaku  Min- 
iFlex  II),  transmission  electron  microscopy  (TEM,  FEI  Tecnai  F20, 
equipped  with  an  energy-dispersive  X-ray  spectrometer),  and 
scanning  electron  microscopy  (SEM,  Hitachi  S-4800,  equipped  with 
an  energy-dispersive  X-ray  spectrometer).  The  absorption  spectra 
of  the  counter-electrodes  were  recorded  by  a  UV-Visible  spectro¬ 
photometer  (CARY  100)  with  the  bare  FTO  glass  absorption  as  the 
baseline. 

2.4.  Electrochemical  measurements 

Photocurrent  density-voltage  (J—V)  characteristic  curves,  cyclic 
voltammetry  (CV),  and  electrochemical  impedance  spectra  (EIS)  of 
counter  electrodes  were  recorded  using  an  IM6ex  (Zahner)  elec¬ 
trochemical  workstation.  In  J—V  measurement,  DSSCs  with 
different  counter  electrodes  were  illuminated  by  a  solar  simulator 
(Oriel  Sol  2A,  Newport)  under  100  mW  cm-2  irradiation,  calibrated 
by  a  standard  silicon  solar  cell  (Oriel  Instrument).  In  CV  measure¬ 
ment,  a  conventional  three-electrode  system,  in  which  the  metal 
sulfide  electrodes  or  Pt/FTO  were  used  as  working  electrode,  Pt  foil 
as  a  counter  electrode,  and  Ag/Ag+  in  acetonitrile  as  a  reference 
electrode,  was  used  in  acetonitrile  solution  containing  10  mmol  L'1 
Lil,  0.1  mol  L'1  I2  and  1  mmol  L'1  LiC104.  The  scan  range  was  from 
900  mV  to  -900  mV  with  a  scan  rate  of  50  mV  s-1.  EIS  spectra  were 
measured  in  a  symmetric  cell  configuration  with  two  identical 
counter  electrodes,  assembled  using  the  same  procedure  described 
above  with  the  apparent  surface  area  of  0.38  cm2.  The  frequency 
range  was  from  100  kHz  to  100  mHz  with  an  AC  modulation  signal 
of  10  mV  and  bias  DC  voltage  of  -0.60  V. 

3.  Results  and  discussion 

3.2.  Characterization  of  electrodes 

Scheme  1  shows  the  preparation  process  of  the  transparent 
electrodes  assembled  with  typical  nickel  sulfide  nanoparticles.  In 
the  first  step,  oleic  acid  groups  replace  the  position  of  acetic  acid 
groups  to  generate  nickel  oleate  which  can  be  entirely  solved  in  1- 
octadecene  at  the  high  temperature.  When  1-dodecanethiol  is 
injected  into  the  nickel  oleate  solution,  an  alcoholysis  process  will 


466 


J.  Song  et  al.  /  Journal  of  Power  Sources  266  (2014)  464-470 


Transparent  electrode  Ester-coated  nickel  sulfide 


Scheme  1.  Schematic  preparation  process  of  transparent  nickel  sulfide  electrodes:  (1)  dissolution,  (2)  alcoholysis,  (3)  spin  coating,  (4)  calcination. 


occur  under  the  acid  condition  to  form  stable  nickel  sulfide  and 
ester  (Step  2).  The  ester  is  subject  to  coating  on  nickel  sulphide  due 
to  existence  of  the  long  organic  chains.  The  ester-coated  nickel 
sulfide  solid  can  be  obtained  by  extraction  with  ethanol  [45,46]. 
After  spin  coating  (Step  3)  on  FTO  glass  and  subsequent  calcination 
(Step  4),  the  final  transparent  electrode  is  obtained.  Hereinto,  the 
generation  of  ester-coated  nickel  sulfide  is  crucial  for  obtaining 
transparent  and  high-efficient  counter  electrodes.  Firstly,  the  ester 
coating  can  effectively  limit  nickel  sulfide  grains  to  a  small  size  of 
about  10  nm.  The  small  grains  are  subjected  to  provide  high  elec- 
trocatalytic  activity  owing  to  the  large  surface  area.  On  the  other 
hand,  the  ester  coating  is  beneficial  for  the  sulfide  to  dissolve  in 
nonpolar  solvents  to  obtain  a  precursor  solution  for  films.  Besides, 
the  ester  coating  layer  itself  will  transform  into  carbon,  highly 
dispersed  among  nickel  sulfide  grains  after  the  subsequent  heat 
treatment,  which  is  helpful  for  improving  electrical  conductivity  of 
films.  The  intermediate  products  in  the  process  are  determined  by 
XRD,  TG/DSC,  Raman,  SEM  and  TEM  (Supporting  Information 
Fig.  SI).  In  XRD  patterns,  the  nickel  sulfide  precursor  show  many 
strong  diffraction  peaks  in  the  relatively  low  angel  range  which  are 
generally  indexed  to  organic  matter  with  aliphatic  carbon  chains. 
The  final  nickel  sulfide  sample  presents  a  stable  crystalline  phase 
NigSg.  The  relatively  low  diffraction  intensity  indicates  small  sized 
grains  or  poor  crystallization.  The  diffraction  peaks  from  the 
organic  components  in  the  precursor  disappear  after  the  calcina¬ 
tion  process.  Clearly,  TEM  observation  of  the  two  samples  before 
and  after  the  calcination  demonstrates  that  the  nickel  sulfide  pre¬ 
cursor  is  comprised  of  organic  matter  coated  nickel  sulfide  particles 
based  on  the  mass-thickness  contrast  (Fig.  Sle).  TG/DSC  curves 
illustrate  that  the  organic  components  are  decomposed  and  ejected 
at  the  temperature  range  from  250  to  290  °C,  resulting  in  the 
weight  loss  of  79.1%.  Thus,  a  heat  treatment  at  300  °C  is  used  to 
obtain  nickel  sulfide  electrodes  in  the  preparation  process.  The 
obtained  metal  sulfide  comprises  nanosized  aggregates,  as  shown 
by  SEM  (Fig.  Sid).  In  detail,  TEM  observation  indicates  that  the 
nickel  sulfide  has  sphere-like  grains  with  an  average  diameter  of 
about  10  nm.  The  clear  interference  fringe  spacing  of  the  grains 
declares  that  the  nickel  sulfide  sample  primarily  consists  of  nano¬ 
crystals  with  a  good  crystallization  (Fig.  Slf).  Usually,  the  route 
from  organic  precursor  to  inorganic  solid  is  subjected  to  form  a 
carbon-contained  product  due  to  inevitable  carbonization  in  the 
decomposition  of  organic  components  [47  .  In  this  case,  involving 
of  carbon  is  obviously  demonstrated  by  the  raising  D  and  G  band 
centered  at  1349  and  1593  cm-1,  respectively,  in  Raman  spectra  of 
nickel  sulfide  (Fig.  Sic).  Furthermore,  the  relatively  strong  G  band 
indicates  that  the  carbon  contained  in  nickel  sulfides  has  been 
graphitized  to  a  large  extent  [48  .  The  cases  of  cobalt  and  iron 
sulfides  show  similar  results,  as  given  in  Fig.  S2.  The  obtained  cobalt 
sulfide,  determined  as  CogSg,  presents  a  plate-like  morphology 
with  a  size  of  several  tens  nanometers,  while  the  final  iron  sulfide 
(FeS)  exists  as  irregular  particles  from  several  tens  to  several  hun¬ 
dreds  nanometers. 


For  a  film  electrode,  essential  parameters  and  quality  of  the 
active  film  determine  its  functional  performance.  SEM  images  of  a 
representative  nickel  sulfide  film  electrode  are  exhibited  in  Fig.  1.  In 
the  SEM  operation,  the  high  energy  electron  beam  can  easily 
penetrate  through  the  thin  film,  as  a  result,  the  film  electrode 
shows  a  similar  surface  image  to  blank  FTO  glass  (Fig.  la  and  b).  The 
cross-section  image  shows  that  the  active  film  has  the  thickness  of 
100  nm  with  good  uniformity  and  high-quality  compaction. 
Elemental  mapping  of  the  film  surface  (Fig.  Id)  shows  that  not  only 
nickel  and  sulfur  but  also  carbon  element  are  uniformly  distributed 
in  the  active  film,  in  response  to  the  results  from  Raman  spectra 
(Fig.  Sic).  According  to  the  EDS  result,  the  carbon  amount  is  about 
12.6  at%  in  the  nickel  sulfide  sample.  The  uniform  carbon  distri¬ 
bution  is  highly  positive  for  the  sulfide  counter  electrode  with 
improving  electrical  conductivity  of  the  film  [49-51  .  Besides, 
carbon  is  also  active  for  electrochemically  catalyzing  reduction  of 
triiodine  ions  11,12,49-51  .  For  comparison,  SEM  surface  and 
cross-section  images  of  platinum  electrode  with  the  thickness  of 
60  nm  are  shown  in  Fig.  S3. 

3.2.  Optical  transparency  of  electrodes 

The  thickness  of  the  electrode  films  can  easily  be  controlled  by 
varying  the  dosage  of  the  precursor  solution  in  the  spin  coating 
procedure.  Apparently,  the  thickness  is  an  increasing  linear  function 
of  the  precursor  solution  dosage  (Fig.  2  inset).  Fig.  S4  shows  the  SEM 
images  of  nickel  sulfide  electrodes  with  the  thickness  of  50  nm  and 
170  nm.  The  films  with  different  thickness  generally  have  goodish 
transparency,  the  transmittance  in  visible  light  region  being  higher 
than  75%  (Fig.  2).  As  expected,  the  transparency  of  the  films  regularly 
decreases  with  increasing  the  film  thickness.  Using  light  trans¬ 
mittance  at  500  nm  as  example,  it  is  a  typical  decreasing  linear 
function  of  the  thickness  of  the  nickel  sulfide  films  (Fig.  2  inset).  SEM 
images  of  cobalt  and  iron  sulfides  with  different  thickness  are  also 
presented  in  Figs.  S5  and  S6.  Different  from  nickel  and  iron  sulfides 
electrodes,  cobalt  sulfide  aggregate  seriously  on  FTO  glass.  Light 
transmittance  spectra  of  the  cobalt  and  iron  sulfide  films  with 
various  thicknesses  are  given  in  Fig.  S7.  With  increasing  the  thick¬ 
ness,  transmittance  of  cobalt  sulfide  films  decreases  more  obviously 
as  compared  with  nickel  sulfide  films,  while  transmittance  of  iron 
sulfide  films  hardly  varies  with  increasing  the  thickness. 

3.3.  Electrochemical  property  of  electrodes 

In  respect  of  electrochemical  properties  of  the  sulfide  elec¬ 
trodes,  electrical  conductivity  and  electrocatalytic  activity  should 
be  concerned  simultaneously.  The  sheet  resistance  of  the  sulfide 
electrodes  is  measured  by  the  four-point  probe  method,  and 
electrochemical  performance  is  investigated  by  cyclic  voltamme¬ 
try  measurements  and  electrochemical  impedance  spectra.  The  CV 
curves  of  the  Pt  electrode  is  similar  to  our  previous  work  [49,50], 
where  the  cathodic  peak  at  about  -0.5  V  represents  the  reduction 
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Fig.  1.  Surface  SEM  images  of  (a)  FTO  glass  and  (b)  nickel  sulfide  film;  (c)  cross-section  SEM  image  and  (d)  EDS  mapping  on  the  top  surface  of  a  nickel  sulfide  film. 


of  triiodide  to  iodide  (Fig.  3).  In  the  case  of  NiSlOO,  the  cathodic 
peak  has  the  same  position  as  that  for  the  Pt  electrode,  suggesting 
a  similar  electrocatalytic  process  on  the  both  electrodes.  Notably, 
NiSlOO  shows  a  larger  current  density  than  the  Pt  electrode,  illu¬ 
minating  a  higher  electrocatalytic  activity  for  reduction  of  triio¬ 
dide  ions.  For  NiS50  electrode,  the  relatively  low  current  density 
for  the  cathodic  process  means  a  slightly  low  activity  as  it  has  a 
thinner  active  film.  In  regard  to  NiS170,  the  position  of  the 
cathodic  peak  obviously  shift  to  negative  potential.  The  phenom¬ 
enon  demonstrates  that  too  thick  size  of  active  film  can  depress 
electrocatalytic  activity  for  reduction  of  triiodide  ions  [49,50]. 
Charge  transfer  resistance  (Rct)  and  Nernst  diffusion  impedance 
(Zw)  can  be  estimated  by  simulating  EIS  spectra  according  to  the 


Fig.  2.  Transmittance  spectra  in  visible  light  area  of  nickel  sulfide  films  with  various 
thicknesses  and  functions  of  nickel  sulfide  films  thickness  and  transmittance  at 
500  nm  with  dosage  of  the  precursor  solution  (the  inset). 


equivalent  circuit  in  Fig.  4a.  In  this  case,  Rct  is  mainly  related  to  the 
electrocatalytic  activity  for  reduction  of  triiodine  ions,  and  a  low 
Rct  value  indicates  high  electrocatalytic  activity.  Zw  responses  ion 
diffusion  and  a  low  Zw  indicates  fast  ion  transport  in  the  electro¬ 
de-electrolyte  interface  [49,51  .  The  simulated  data  are  summa¬ 
rized  in  Table  SI.  As  shown  in  Fig.  4b,  the  sheet  resistance  of  the 
nickel  sulfide  films  raises  monotonously  with  increasing  sulfide 
film  thickness  due  to  semiconductor  nature  of  the  metal  sulfides. 
The  result  reveals  that  metal  sulfide  films  should  be  made  as  thin 
as  possible  without  concerning  the  catalysis.  Rct  presents  a  non- 
monotonous  variation  with  increasing  the  thickness  of  nickel 
sulfide  films,  and  the  electrode  with  the  thickness  of  100  nm  has 
the  minimum  Rct.  As  known  well,  the  charge  transfer  resistance 


Potential  (V,  vs  Ag/Ag  ) 

Fig.  3.  Cyclic  voltammetry  measurements  of  nickel  sulfide  electrodes  with  different 
thickness  and  Pt  electrode. 
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Fig.  4.  (a)  Nyquist  plots  of  the  symmetric  cells  with  two  identical  counter  electrodes  of 
nickel  sulfides  or  platinum.  The  symbols  and  lines  correspond  to  the  experimental  and 
simulated  data,  respectively.  The  cells  were  measured  with  the  frequency  range  of 
100  KHz-100  mHz.  In  the  equivalent  circuit,  Rc t:  charge-transfer  resistance;  Zw:  Nernst 
diffusion  impedance;  Rs:  series  resistance;  CPE:  constant  phase  element  (the  number 
indicates  its  thickness  with  nanometer  unit),  (b)  functions  of  sheet  resistance,  charge 
transfer  resistance  ( Rct )  and  diffusion  impedance  (Zw)  with  nickel  sulfide  film  thicknesses. 


depends  highly  on  nature  of  electrode  material  and  actual  elec¬ 
troactive  area  of  electrode  [51  .  A  too  thin  film  can  not  ensure 
enough  active  sites  for  reduction  of  triiodine  ions,  while  a  thick 
film  is  not  always  favorable,  because  the  efficient  thickness  of  a 


porous  electrode  is  actually  restricted  by  electron  distribution  and 
electrolyte  penetration  in  porous  film  [52  .  Furthermore,  as 
mentioned  above,  the  thicker  the  electrode  film,  the  higher  the 
sheet  resistance.  Therefore,  the  thickness  of  100  nm  is  the 
reasonable  trade-off  among  the  above  factors  for  the  nickel  sulfide 
film.  With  regards  to  Zw,  there  is  a  linear  function  with  increasing 
the  thickness  of  nickel  sulfide  films.  This  suggests  that  the  increase 
of  the  thickness  is  unfavorable  for  ion  diffusion  in  the  compact 
nickel  sulfide  films. 

The  iron  sulfide  films  show  a  similar  change  in  the  electro¬ 
chemical  parameters  with  increasing  the  thickness  as  the  nickel 
sulfide  films  (Fig.  S8  and  Table  SI).  However,  cobalt  sulfide  films 
present  an  unusual  phenomenon  that  Rct  decreases  monotonously 
with  increasing  the  thickness  to  380  nm.  Unfortunately,  the  cobalt 
sulfide  film  with  the  thickness  of  380  nm  has  only  50%  light 
transmittance  (Fig.  S7).  Since  transparency  is  highly  concerned  in 
this  work,  the  thicker  cobalt  sulfide  films  are  not  discussed  here. 

3.4.  Photovoltaic  performance 

Fig.  5a  shows  the  characteristic  J—V  curves  of  the  DSSCs  using 
transparent  nickel  sulfide  counter  electrodes  with  various  film 
thicknesses,  as  well  as  the  platinum  electrode  as  reference.  The 
detailed  photovoltaic  parameters  from  J—V  curves  are  listed  in 
Table  S2.  Noticeably,  the  energy  conversion  efficiency  (77,  7.37%)  of 
the  DSSC  using  the  nickel  sulfide  counter  electrode  with  the  thick¬ 
ness  of  100  nm  (denoted  as  NiSlOO),  is  slightly  higher  than  that 
(7.20%)  of  the  device  using  the  conventional  Pt  counter  electrode.  A 
comparison  in  detail  shows  that  the  short  circuit  current  C /sc)  is 
dominant  for  improving  the  energy  conversion  efficiency  of  the 
corresponding  device  with  NiSlOO,  resulting  mainly  from  relatively 
a  fast  electrode  kinetics  process  and  low  polarization.  As  shown  in 
Fig.  4,  NiSlOO  has  the  lowest  charge  transfer  resistance  and  the  small 
diffusion  impedance,  demonstrating  its  advantage  on  electrode  ki¬ 
netics.  On  the  other  hand,  the  polarization  in  this  case  includes  both 
ohmic  polarization  and  electrochemical  polarization.  Ohmic  polar¬ 
ization  is  derived  from  ohmic  resistance  of  the  electrodes.  With 
increasing  thickness,  the  sulfide  films  have  increasing  resistance  as 
shown  in  Fig.  4b.  This  means  that  ohmic  polarization  increases  with 
an  increase  in  thickness.  Electrochemical  polarization  occurs  at  the 
electrode-electrolyte  interface,  which  is  related  to  electrocatalytic 
activity  and  triiodide  ion  diffusion  in  mass  transport  networks  of  the 
sulfide  electrodes.  A  low  electrocatalytic  activity  and  slow  ion 
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Fig.  5.  Characteristic  J—V  curves  of  DSSCs  (a)  using  transparent  nickel  sulfide  electrodes  with  different  thicknesses  and  platinum  electrode  with  a  thickness  of  60  nm,  and  (b)  using 
NiSlOO  under  different  illumination  models. 
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diffusion  will  induce  electron  accumulation  to  form  electrochemical 
polarization.  This  will  further  influence  electric  double-layer  dis¬ 
tribution  to  depress  diffusion  of  triiodide  anion.  As  a  result,  elec¬ 
trochemical  polarization  is  unfavorable  for  improving  current 
density  and  voltage  of  DSSCs.  NiS170  has  a  relatively  high  charge 
transfer  resistance,  sheet  resistance  and  diffusion  impedance, 
meaning  a  higher  ohmic  polarization  and  electrochemical  polari¬ 
zation.  Consequentially  the  low  short  circuit  current  and  open  cir¬ 
cuit  voltage  can  be  observed  in  Fig.  5.  In  the  case  of  the  NiS50 
electrode,  the  short  circuit  current  (Jsc)  is  slightly  lower  as  compared 
with  those  of  the  NiSlOO  electrode,  which  is  attributed  to  the  rela¬ 
tively  low  electroactive  area  in  the  thin  nickel  sulfide  film.  The 
similar  phenomena  are  also  found  in  the  tests  of  the  iron  sulfide 
electrodes.  The  iron  sulfide  film  with  the  moderate  thickness  of 
100  nm  shows  the  optimized  electrochemical  performance. 
Without  regards  to  transparency,  the  cobalt  sulfide  film  with  the 
thickness  of 380  nm  is  the  best  one  according  to  the  evaluation  of  the 
electrochemical  performance.  Therefore,  nickel  sulfide  is  the  better 
choice  than  cobalt  and  iron  sulfides  in  view  of  optical  transparency 
and  electrochemical  performance  (Fig.  S7  and  Table  S2). 

The  use  of  the  transparent  counter  electrodes  is  energetically 
favorable  for  the  corresponding  DSSCs  to  work  under  different  illu¬ 
mination  conditions.  Fig.  5b  shows  the  characteristic  J—V  curves  of 
the  DSSC  using  NiSlOO  tested  with  a  reflecting  mirror  behind  the 
counter  electrode  (Front  illumination-mirror  reflection)  or  with 
illumination  from  the  backside  of  the  counter  electrode  (Back  illu¬ 
mination).  Under  the  condition  of  “front  illumination-mirror 
reflection”,  the  light  permeated  into  the  DSSC  is  reflected  by  the 
plane  mirror  into  Ti02  photoanode  again  to  excite  photo-generated 
electrons,  which  increases  the  final  energy  conversion  efficiency 
from  7.37%  to  8.11%.  The  “back  illumination”  test  more  directly  ver¬ 
ifies  the  advantage  of  the  transparent  counter  electrode,  where  the 
energy  conversion  efficiency  of  5.80%  is  reached.  The  results  confirm 
the  advantages  of  the  transparent  counter  electrode  in  DSSCs,  which 
undoubtedly  provides  more  room  for  the  development  of  DSSCs. 

4.  Conclusion 

In  conclusion,  the  transparent  counter  electrodes  with  Group 
VIIIB  metal  sulfides  are  prepared  by  the  organic  solution  route.  The 
thickness  of  the  metal  sulfide  films  can  be  controllably  adjusted  in 
the  range  of  several  hundreds  of  nanometers.  Transparency  of  the 
sulfide  films  decrease  monotonously  with  increasing  the  thickness. 
The  sheet  resistance  and  Nernst  diffusion  impedance  of  the  sulfide 
films  increase  monotonously  with  increasing  the  thickness.  How¬ 
ever,  the  charge  transfer  resistance  for  reduction  of  triiodine  ions 
has  a  minimum  in  a  certain  film  thickness,  leading  to  the  optimized 
photoelectrochemical  performance.  As  counter  electrode,  the 
nickel  sulfide  film  with  the  thickness  of  100  nm  shows  the  high 
transparency  and  energy  conversion  efficiency  of  7.37%,  higher  than 
that  of  the  DSSC  using  platinum  electrode.  The  results  declare  that 
the  strategy  for  preparing  metal  sulfide  counter  electrodes  can 
realize  the  balance  between  optical  transparency  and  electro¬ 
chemical  performance. 
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